In the present study, 23 isolates, dominated by bacterial genera (74%) were isolated from petroleum sludge at refinery wastewater plant, Jeddah, KSA, by means of selective enrichment in nutritionally optimized refinery wastewater (NORWW) and over twelve successive transfers. Efficiency of biodegradation on complex mixture of hydrocarbons present in refinery wastewater was evidenced by changes in both total viable counts (TVC) and COD content of cultivation broth. Out of the 23 isolates three most potent isolates named BDCC-TUSA-8, BDCC-TUSA-12 and BDCC-TUSA-18 were selected for their efficient COD removal and active growth. The three isolates were tested separately in Bushnell-Haas (BH) media for their capabilities to degrade n-Hexadecane, phenol and phenanthrene, representing the major types of hydrocarbon pollutants. The results strongly indicated that all three isolates showed multiple degradation potentials with remarkably fast reaction rates. Before being recommended for future work, the three isolates were fully characterized and identified employing culture-dependent techniques such as API 20E, API 20NE and API 50CHB, and further confirmed by partial 16S rRNA gene sequencing and phylogenetic analysis as Pantoea agglomerans, Acinetobacter lwoffii and Bacillus thuringiensis respectively.
Introduction
The release of oily wastewaters into the environment is one of the major causes of environmental pollution. Petroleum refineries generate huge amounts of wastewater, 0.4 -1.6 times the volume of processed crude oil [1] . The toxic effects of refined petroleum oils, particularly those with low boiling point alkenes, aromatic hydrocarbons including n-Hexadecane, phenol and phenanthrene are devastating. These include cancers, birth defects, endocrine disruptions, still births, nervous disorders, liver disease, depression and irregular heartbeats [2] [3] . US EPA (United States Environmental Protection Agency) designated oily wastes as hazardous wastes [4] . Physical and chemical treatments of refinery wastewater have been carried out utilizing different techniques [5] - [7] . However, these technologies are expensive and can lead to incomplete decomposition of contaminants.
Recently, attention has been paid to the use of microorganisms, owing to their diverse metabolic capabilities, to detoxify and/or remove environmental pollutants including the products of petroleum industry [8] - [10] . It is uncommon to find an organism that could effectively degrade all types of hydrocarbons present in refinery wastewater due to differences in microbial metabolic routes and pathways for degradation of all hydrocarbons [11] . As reported by Tadros et al. [12] , individual microbial strains could degrade several hydrocarbons, but preferred only one. The greater the complexity of the metabolic machinery, for a given bacterial isolate, the higher the number of specific enzyme systems present, the faster the rate of biodegradation on multiple hydrocarbons and the greater the likelihood of assembling a potential consortium composed of a relatively smaller number of effective isolates [13] with complementary set of enzyme systems. Certainly, this would contribute significantly in optimizing a cost-effective biodegradation process on complex mixture of hydrocarbons in refinery effluents, petroleum spills and other contaminated sites.
The objective of the present study was twofold: firstly, to monitor selective enrichment of indigenous microorganisms in NORWW and obtain potent species with multiple degradation potential on complex mixture of hydrocarbons; secondly, to characterize and fully identify the obtained potent isolates before they could be used in future work on control and optimization of an effective biodegradation process.
Materials & Methods

Chemicals and Materials
All reagents used were analytical grade and obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. Sample of petroleum sludge polluted soil was collected from a site nearby wastewater treatment plant at Jeddah refinery, Jeddah, KSA.
Wastewater and Polluted Soil
Refinery wastewater was collected from an online location, after preliminary treatment steps and before biological treatment unit, at the refinery wastewater treatment plant and used to carry out enrichment and adaptation experiment for indigenous microorganisms. It is usually stated that the ratio of BOD:N:P in the wastewater to be treated should be approximately 100:5:1 for optimum cell growth and efficient aerobic treatment [14] - [16] . The present ratio was lower; 100:1.18:0.30. This suggests that both nitrogen and phosphorous have to be added to the wastewater for effective growth of indigenous microorganisms. Based on the obtained figures, nutritionally optimized refinery wastewater (NORWW) was prepared through addition of calculated amounts of ammonium sulphate and dipotassium phosphate based on ammonium nitrogen (NH 4 -N) and orthophosphate ( ) 4 PO -P − which are preferred sources for active growth and multiplication of microorganisms [17] . The pH was adjusted to 7.0.
Enrichment of Indigenous Microorganisms in Petroleum Sludge Polluted Soil through Successive Transfers
Several Erlenmeyer flasks containing 200 ml each of NORWW were used to conduct the enrichment and adaptation process. Firstly, 2 g of petroleum sludge polluted soil, were inoculated into the first flask and incubated at 30˚C on a rotary shaker at 200 rpm.
Samples were taken at regular intervals and analyzed for Chemical Oxygen Demand An inoculum of 5% (v/v) from the actively growing culture was added to 500 ml Erlenmeyer flask, each containing 100 ml NORWW. The flasks were incubated on a rotary shaker at 200 rpm and 30˚C. Daily samples were taken and analyzed for both total viable counts and residual COD. Ceased uninoculated samples, were used to avoid a possible abiotic degradation.
Biodegradation of Various Types of Hydrocarbons by the Most Efficient
Isolates The three most efficient isolates were subsequently tested for biodegradation on various types of hydrocarbons in order to select for possible candidate(s) with multiple biodegradation capabilities. 500 ml Erlenmeyer flasks, each containing 100 ml of Bushnell-Hass media were sterilized by autoclaving at 121˚C for 20 min. Then, the flasks were charged with n-Hexadecane (0.1%), phenol (0.05%) or phenanthrene (0.5%), as sole carbon source, and inoculated with the respective isolate and incubated as above. Due to its low solubility in water, phenanthrene stock solution was prepared in dimethylsulfoxide (DMSO) [18] . Prior to use, phenanthrene was added to sterile Bushnell-Hass media to give a final concentration of 0.5%. The three hydrocarbons were selected as representatives of the major groups of hydrocarbon pollutants present in refinery wastewater [19] - [21] . To avoid a possible abiotic degradation, uninoculated samples were used.
The biodegradation potential of the isolates was evaluated by monitoring growth of biomass (OD 625nm ) and analyzing residual hydrocarbon over the whole cultivation period.
Characterization of the Most Active Bacterial Isolates
Phenotypic Assays
Typical colonies of each of the 3 most active isolates were transferred to nutrient agar slants and identification was confirmed by microscopic and biochemical characterization that includes Gram stain, anaerobic utilization of glucose, Voges-Proskauer test, motility, oxidase production, catalase production, endospore formation in accordance with the Bergey's Manual of Systematic Bacteriology [22] . Furthermore, the typical colonies were subjected to Characterization using API 20E, API 20NE and API 50CHB kits (BioMe'rieux) according to the manufacturer's instruction. The samples were observed for 6 days. Results are given in the species descriptions.
Molecular Characterization
The three most active isolates were identified by 16S rDNA sequencing after extracting DNA. The sequences obtained were compared to find sequence similarity using GenBank program-Basic Local Alignment Search Tool (BLAST). The phylogenetic trees based on 16S rDNA gene sequences were constructed by the neighbour-joining method.
1) DNA isolation
In order to identify the strains, extraction of genomic DNA, amplification and analysis of 16S rRNA genes were conducted as follows: Genomic DNA was extracted from the isolated bacteria strains using the Genomic DNA Prep kit (SolGent, Daejeon, Korea) and then used as a template for PCR to amplify the 16S rRNA gene.
2) PCR Amplification and Sequencing of the 16S rRNA
A universal bacterial primer set of 27F (5'-AGA GTT TGA TCC TGG CTC AG-3') [23] and 1492R (5'-GGT TAC CTT GTT ACG ACT T-3') [24] was used to amplify the nearly complete 16S rRNA gene. The PCR reaction was carried out in a final volume of EF-Taq DNA polymerase (SolGent, Daejeon, Korea), 0.2 mM of each dNTP (SolGent, Daejeon, Korea), 1 × EF-Taq reaction buffer (SolGent, Daejeon, Korea). The PCR program for amplification of 16S rRNA gene included an initial denaturation step at 95˚C for 15 min followed by 30 cycles of denaturation at 95˚C for 20 sec, annealing at 50˚C for 40 sec, and extension at 72˚C for 1.5 min with a final extension step at 72˚C for 5 min. 10 μL of amplified mixture was separated by gel electrophoresis on 1.5% agarose containing ethidium bromide with a 0.5 × Tris-acetate-EDTA (TAE) buffer, and visualized using a UV illuminator. The PCR product was then purified using a SolGent PCR purification kit (SolGent, Daejeon, Korea) according to the manufacturer's instructions.
The amplified 16S rRNA gene was sequenced using an ABI BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, Cal., USA) and an ABI 3730XL DNA analyzer (Applied Biosystems, Foster City, Cal., USA). The universal bacterial reverse primer 805R (5'-GAC TAC CAG GGT ATC TAA TCC-3') was used for sequencing the amplified 16S rRNA gene.
3) Alignment and phylogenetic tree analysis Partial 16S rRNA gene obtained sequences were compared with full sequences available in the GenBank database using a BLAST search (NCBI). The phylogenetic analysis of the sequence data was also performed using the software package MEGA (version 6) [25] after multiple alignments of the data using CLUSTAL W. A distance-matrix method (with distance options according to Jukes-Cantor) [26] was employed, using clustering obtained with the neighbor-joining method [27] . Bootstrap values were calculated on the basis of 1000 replications [28] .
4) Nucleotide sequence accession number
The sequences obtained in this study were deposited in the GenBank database. The 
Analysis
Analysis of Biodegradation Variables
The samples were analyzed for residual Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD), ammonium (NH 4 -P), total and orthophosphate in raw wastewater and culture broth according to the standard methods for the examination of water and wastewater [29] . Orthophosphate (PO 4 ) −3 was measured by the ascorbic acid colorimetric method and ammonia nitrogen was measured by phenate method using (Unico UV-4802 China). Cell growth was quantified by measuring the sample absorbance at 600 nm in a Beckman DU650 spectrophotometer [30] . Total viable Count (TVC) was determined by standard spread plate method with serial dilutions of the samples.
Analysis of Degraded Hydrocarbons
Both inoculated (biotic) and uninoculated (abiotic) experiments were performed in or-der to avoid any possible weathering of tested hydrocarbons and ensure the exact degradation by indigenous microorganisms. The three tested hydrocarbons were determined gas chromatographically [31] . For n-Hexadecane determinations, GC-FID; 5890 series II; Hewlett Packard with a 30-m-long wide-bore DB5 column (0.53 mm by 1 mm film thickness) was used, while for phenol and phenanthrene GC-FID using a 30-m-long DB5.625 column (0.25-mm inside diameter, 0.25-mm film thickness) was used. The injector and detector temperature were maintained at 300˚C and oven temperature was programmed to rise at 5˚C/min from 80˚C to 240˚C and to hold for 30 min. Quantitative determinations were performed against a respective authentic standard (Sigma Chemicals).
Results and Discussions
Isolation of COD Removing Microorganisms from Refinery Wastewater
By enrichment of indigenous microorganisms, twelve successive transfers in NORWW were performed. Growth of indigenous bacteria was enhanced many folds, and a total of twenty three microbial isolates with the ability to grow on complex mixture of hydrocarbons present in NORWW as carbon and energy sources and representing different colony morphologies were obtained. These include seventeen (73.9%) isolates as bacteria, 4 (17.4%) yeasts and 2 (8.7%) as fungi. The purified and isolated seventeen bacterial isolates were named after the Biotechnology Department Culture Collection, Taif University, Saudi Arabia as BDCC-TUSA-4 to BDCC-TUSA-20 and were screened individually for their capabilities to remove COD from NORWW ( Table 1 ).
The main finding was that COD removal correlated very well with cell growth of microbial population present over 7 days of cultivation. The higher the cell growth (OD 625nm values) the more efficient was the COD removal. Isolate BDCC-TUSA-12 exhibited the highest growth and COD removal efficiency (0.403 and 92% resp.), followed by BDCC-TUSA-8 (0.365 and 91.1% resp.) and BDCC-TUSA-18 recorded the 3rd highest performances (0.304 and 89% resp.). Much lower performances were found with 
Screening for Potent Isolate(s) with Multiple Biodegradation Potentials
The 3 most efficient bacterial isolates, named BDCC-TUSA-8, BDCC-TUSA-12 and BDCC-TUSA-18, exhibiting active growth and effective COD removal of more than OD 625nm 0.3 and 80% respectively (Table 1) were selected for biodegradation experiments.
Three different hydrocarbons representing the major constituents of hydrocarbon pollutants [17] were used as target substrates, namely n-Hexadecane, phenol and phenanthrene ( Figure 1 ). Consortia of hydrocarbon degraders displayed metabolic versatility and superiority compared very favorably to single pure isolates for efficient biodegradation on aromatic hydrocarbons [35] , crude oil and diesel [36] and petroleum contaminated soil [37] .
However, costs for mass preparation of each individual member of the consortium contribute significantly to the success of biodegradation process. The obtained three indigenous bacterial isolates with multiple biodegradation potentials can contribute positively to establish an effective consortium with much smaller number of isolates and consequently considerable reduction in preparation costs. Table   2 . For isolate isolate BDCC-TUSA-12, colonies were translucent round. Cells were short rods, Gram negative, motile, catalase positive, oxidase negative and nitrate negative. API 20E profile is presented in Table 3 . Colonies of isolate BDCC-TUSA-18 were white round. Cells were long rods, Gram positive, motile, catalase positive, oxidase negative, nitrate positive. Profiles of API 20E and API 50CHB are tabulated in Table 4 .
Identification of the Most
Genotype Characterization
The use of 16S rRNA in identification of hydrocarbon degrading bacteria has been reported to be more sensitive and reliable compared with culture-dependant characterization techniques [38] - [40] . Therefore, the three isolates were further identified by partial sequencing of the PCR amplified 16S rDNA gene fragment (about 1500 bp) and used in a BLAST search in order to find a homology with other 16S RNA sequences. To test the relationship among the three isolated bacterial strains, a sample of sequences that showed high identity to each isolate were used to construct a general phylogenetic tree ( Figure 5 ). It showed that each isolated strain lied on a separate clade with their relatives which confirm the obtained characterization.
Similar hydrocarbon degrading bacterial species have demonstrated high production of surfactants and emulsifiers which greatly enhance degradation efficiency through rapid promotion of substrate availability and uptake mechanisms [41] , and as such obtained strains of B. thuringiensis, P. agglomerans and A. lwoffii may have such potential [32] [42] [43] . Together with their demonstrated multiple degradation potentials, the three obtained bacterial strains could significantly contribute in the development of a cost-effective bioremediation process on petroleum oil contaminated environments. replicates. The Klebsiella quasipneumoniae was treated as the out-group. The GenBank accession numbers of the bacteria are presented in parentheses.
Conclusion
It can be concluded that, screening for indigenous bacterial isolates from petroleum sludge enriched in NORWW, resulted in the isolation of three potent isolates with multiple degradation potentials and remarkably fast reaction rates on various types of hydrocarbon, namely, n-Hexadecane, phenol and phenanthrene. All the three isolates could degrade and grow on tested hydrocarbons and achieve almost complete degradation. The potent strains were fully characterized and identified as P. agglomerans, A. Iwoffii and B. thuringiensis. Work is in progress in order to assess for a possible surfactant secretion by the obtained strains that could enhance biodegradation efficiency, and also to optimize nutritional and environmental parameters that ensure vigorous mixed growth of the three isolates and the constitutive expression of catalyzing enzymes that can work in a complementary action. Certainly, this would be of great importance when such approach is to be considered for establishing a cost-effective bioremediation process not only for the treatment of refinery wastewater but also for any other hydrocarbon impacted environments as well.
